BanLec is a jacalin-related lectin isolated from the fruit of bananas, Musa acuminata. This lectin binds to high mannose carbohydrate structures, including those found on viruses containing glycosylated envelope proteins such as human immunodeficiency virus type-1 (HIV-1). Therefore, we hypothesized that BanLec might inhibit HIV-1 through binding of the glycosylated HIV-1 envelope protein, gp120. We determined that 
Despite the development of more than 25 approved anti-HIV 2 drugs and improvements in the availability of antiretroviral drugs in low and middle income countries, the rate of new HIV-1 infections is outpacing the rate of new individuals receiving antiretroviral therapy by 2.5:1 (1) . At present, it appears that an efficacious HIV vaccine is still many years away. Therefore, other methods for halting the spread of HIV are vitally needed. This has raised the possibility of developing either intravaginally or intrarectally applied microbicides to halt the spread of HIV during sexual intercourse. This type of intervention is particularly needed in the developing world, such as sub-Saharan Africa, where more than 20 million people are living with HIV/AIDS (1) . Although abstinence has been suggested by some groups, campaigns to encourage this method of halting transmission have not been effective (2) . Although condoms are quite effective against the spread of HIV and some other sexually transmitted diseases, they are only effective if they are used consistently and correctly, which is often not the case (3, 4) . This is particularly true in the developing world, where women have relatively little control over sexual encounters and, thus, have not been able to enforce condom usage (5) , so the development of a long-lasting, self-applied, microbicide is very attractive. In fact, it is estimated that 20% coverage with a microbicide that is only 60% effective against HIV may prevent up to 2.5 million HIV infections over three years (6) . Therefore, even modest success with microbicides could save millions of lives.
Some of the most promising compounds for inhibiting vaginal or rectal HIV transmission are agents that block HIV before integration of the viral genome into the target cell. Thus, the viral entry step is one potential target for a microbicide. Entry inhibitors that have been proposed for use in a vaginal microbicide include long chain and ionic polymers (such as Pro 2000) as well as dendrimers, lipid membrane modifiers, and anti-CD4 antibodies. HIV-binding peptides and small molecule inhibitors have also been considered, including the fusion inhibitor T-20 (enfuvirtide) and the CCR5 blocker maraviroc, which are already in clinical use for the treatment of HIV infection. In addition, lectins are a growing class of HIV-1 inhibitors under consideration as microbicide candidates (7, 8) . Lectins inhibit HIV-1 entry by binding to carbohydrate structures found on the viral envelope. Examples of anti-HIV lectins include Cyanovirin-N (CV-N) (9) , Griffithsin (GRFT) (10) , and snowdrop lectin (GNA) (11) (12) (13) .
The HIV-1 envelope protein gp120 contains 20 -30 possible N-linked glycosylation sites. These carbohydrate structures make up ϳ50% of the molecular weight of the protein (14 -16) . Glycosylation affects aspects of the viral life cycle including protein folding (17) , cellular transport, binding to cellular receptors (14, 18, 19) , trans-infection by dendritic cells (19) , and shielding from the immune response (20) . Because glyco-sylation is essential to the virus, it presents an attractive therapeutic target.
The lectin termed BanLec, isolated from the ripened fruit of the banana (Musa acuminata cultivars), exists as a dimer with a molecular mass of ϳ30 kDa (21) . It is a member of the jacalinrelated lectin family and can recognize high mannose structures (22) (23) (24) . Lectins in this family are characterized by the presence of a ␤-prism 1 structure composed of three Greek Key turn motifs. Greek Keys 1 and 2 are both involved in binding carbohydrates and contain a GXXXD binding motif, whereas Key 3 does not contain the binding motif (25, 26) . However, this loop can assist ligand binding and determine lectin specificity (27) . Because of its affinity for high mannose structures (15), we sought to investigate whether BanLec might bind the mannoserich envelope of HIV-1 and thereby block HIV infection. The results presented below demonstrate that BanLec is a potent inhibitor of HIV infection that markedly reduces the replication of a range of HIV-1 isolates and has potential to be further developed for use as a vaginal microbicide.
MATERIALS AND METHODS
Proteins and Anti-HIV Compounds-BanLec was isolated from bananas by modification of previously described methods (21, 22) . 3 Snowdrop lectin (GNA) was isolated from crude extracts of snowdrop bulbs and purified over a mannose-agarose column as described previously (28) . Recombinant HIV-1 gp120, human monoclonal antibody 2G12, recombinant Histagged GRFT, T-20, maraviroc, and CD4-IgG2 were obtained from the NIH AIDS Research and Reference Reagent Program (10) . Recombinant, glycosylated gp120 was produced in HEK-293 cells (human embryonic kidney cells), the recombinant human antibody 2G12 was produced in Chinese hamster ovary cells, and recombinant GRFT was produced in Escherichia coli. The purity of all of the proteins was found to be Ͼ95% as determined by SDS-PAGE.
HIV-1 Production-The HIV-1 isolate Bru was produced in peripheral blood lymphocytes (PBL), whereas the HIV-1 BaL (29) isolate was produced in macrophages. Primary, dual-tropic isolates ASM44 and ASM54 were expanded in peripheral blood mononuclear cells (PBMCs) containing both lymphocytes and macrophages. Production of pseudotyped HIV-1 was performed by transfecting HEK-293FT cells (a fast growing cell line derived from HEK-293 that contains the SV40 large T antigen) with plasmids coding for an HIV-1 envelope from either subtype B (30) or C along with an envelope-deleted proviral clone, pSG3⌬env (31) . Proviral plasmid DNA clones pNL4-3 (32), pNL(AD8) (33), p81A-4 (34 -36), and p89.6 (37) were transfected into HEK-293FT cells with Lipofectamine 2000 (Invitrogen). The media were changed 24 h post-transfection, and at 48 h post-transfection the supernatants were harvested and frozen at Ϫ80°C. The concentration of virus in the stocks was determined by the HIV-1 p24 Antigen Capture Assay ELISA (AIDS and Cancer Virus Program) or by determining the infectious titer. HIV-1 Bru was treated with 10 units/l of RNase-free DNase I (Roche Applied Science) before use in the experiments in which the products of early reverse transcription were assayed.
HIV-1 Indicator Assays-HIV-1 infection was quantified using TZM-bl cells, which express a luciferase and ␤-galactosidase gene under the control of the HIV-1 LTR promoter (31, 38 -40) . The day before infection of 5000 TZM-bl cells/ml in 100 l of Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 25 mM HEPES, and 50 g/ml Geneticin were added to the wells of white, opaque, 96-well tissue culture plates (Falcon). Cells were pretreated with BanLec for 30 min before infection with 100 TCID 50 units of virus (ϳ15,000 relative luminescence units) to a final volume of 200 l/well. Cells were exposed to virus and lectin for either 2 days with replication competent viruses or for 3 days with pseudotyped, replication defective virus. A Steady-Glo luciferase assay system (Promega) and a plate reader containing a luminometer (Tecan) were used to measure luminescence, which was indicative of viral infection.
MAGI-CCR5 cells (41, 42) were plated in 24-well tissue culture plates with 40,000 cells per well in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, penicillin, and streptomycin. The cells were pretreated with lectin for 30 min and then infected with different viral isolates at concentrations that yielded ϳ100 positively infected cells per well. Forty hours post-infection, cells were stained for ␤-galactosidase activity as described within the reagent data sheet, and positive cells were counted visually.
Isolation and Culture of Primary Cells-PBMCs were isolated from healthy donors by venipuncture. Briefly, blood was drawn into a 60-ml syringe containing 7 ml of 250 mM sodium citrate and 10 ml of 6% dextran solution and mixed by inversion. After 30 min, to allow for the sedimentation of red blood cells, the supernatant was separated using Hypaque-Ficoll, and the buffy coat layer was removed, washed twice with cold PBS containing 0.2% bovine serum albumin, and centrifuged at 350 ϫ g for 10 min. The cell pellet was resuspended in RPMI 1640 media at a concentration of 5 ϫ 10 6 cells per ml and seeded into non-tissue culture-treated plates. PBL were removed from the adherent monocytes and washed three times with PBS. For the differentiation of monocytes to macrophages for HIV-1 infection, the monocytes were cultured with Iscove's modified Dulbecco's media containing 10% heat-inactivated human AB sera for 7 days.
Infection of Monocyte-derived Macrophages (MDM)-MDM were washed with PBS three times followed by the addition of fresh media containing BanLec or PBS 30 min before infection. Cells were infected with ϳ100 TCID 50 of NL(AD8) for 24 h, and the residual virus was removed by three PBS washes followed by the addition of fresh media. Every 3 days, a sample was removed and replaced with fresh media containing the appropriate amount of BanLec for 15 days. The samples were stored at Ϫ80°C until viral replication was determined by the HIV-1 p24 Antigen Capture Assay ELISA (AIDS and Cancer Virus Program). A similar experiment was done in which samples were not removed until the end of the experiment on day 7. For both experiments, an MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction assay was performed on the final day to assess cellular viability.
Detection of Early Products of HIV-1 Reverse Transcription (Strong-Stop DNA) in Peripheral Blood Lymphocytes-PBL
were stimulated with phytohemagglutinin for 3 days in RPMI media containing 10% heat-inactivated fetal bovine serum and interleukin-2. The cells were washed with PBS and resuspended in RPMI media containing 10% heat-inactivated fetal bovine serum. Lectins were added 30 min before centrifuge-mediated infection (spin-infection) with DNase I-treated HIV-1 Bru (43). Three hours post-infection the cells were harvested, washed with PBS, and then stored at Ϫ80°C. Cellular DNA, including genomic and viral DNA products, was isolated using the QIAamp DNA Blood Mini kit (Qiagen). Strong-stop DNA, the first product of HIV-1 reverse transcription, is used for the assessment of viral entry (13, 44) . This reverse transcription product was quantified by performing real-time PCR with primers specific for strong-stop DNA, the DNA concentration of the each sample was normalized, and equal DNA loading was confirmed with primers for ␣-tubulin (44) .
Determination of BanLec and Glycosylated HIV-1 gp120
Interaction by ELISA-96-Well ELISA plates were coated by adding 50 l of 5 g/ml BanLec per well and incubated overnight at room temperature. The next day plates were blocked for 1.5 h at room temperature with PBS containing 1% bovine serum albumin, 5% sucrose, and 0.05% sodium azide and then rinsed with wash buffer (PBS containing 0.05% Tween 20, pH 7.4) 3 times before the addition of recombinant, glycosylated gp120 protein diluted in blocking buffer. After a 1-h incubation at room temperature, the plates were washed 3 times before the addition of the detection antibodies. A sheep anti-gp120 antibody (AIDS Research and Reference Reagent Program) was diluted 1:2000 in dilution buffer (wash buffer containing 0.1% bovine serum albumin) and added to the wells and incubated for 1 h. The plate was washed again before a 1-h incubation with an anti-sheep antibody conjugated to alkaline phosphatase (Sigma) diluted 1:40,000 in dilution buffer. After the plate was washed, p-nitrophenyl phosphate (Sigma) was added for colorimetric analysis, and the absorbance was measured at 405 nm.
To determine whether BanLec could block the recognition of gp120 by the anti-HIV monoclonal antibody 2G12, ELISA plates were coated overnight with 100 l of a 1 g/ml solution of recombinant gp120 diluted in PBS. The plates were blocked as described above, washed, and then treated with serial dilutions of BanLec in dilution buffer. After a 1-h incubation the plates were washed to remove unbound BanLec. The 2G12 antibody was added at a concentration of 100 ng/ml to allow for binding to the gp120 protein. One hour later the plates were washed and incubated with biotinylated anti-human antibody (Jackson ImmunoResearch) followed by another series of washes and the addition of streptavidin-conjugated alkaline phosphatase (Jackson ImmunoResearch). The alkaline phosphatase dilution buffer contained 500 mM methyl-␣-D-mannopyranoside, which was added to reduce any potential nonspecific binding of the 2G12 antibody to BanLec. The plates were washed again, and the substrate p-nitrophenyl phosphate (Sigma) was added for colorimetric analysis of 2G12 binding. The amount of antibody that remained bound was quantified by comparison to a standard curve consisting of serial 2-fold dilutions of 2G12.
Determination of Anti-HIV Activity Post-cellular Attachment-
For measuring the inhibition of HIV-1 infection post-cellular attachment, TZM-bl cells were plated in 96-well plates as described above and spin-infected with a pseudotyped virus with pConCgp160-opt, a consensus subtype C envelope sequence, at 1250 ϫ g for 2 h at 16°C 1 day after plating (43, 45) . The cells were placed on ice, the supernatant was removed, and unbound virus was removed by washing 2 times with PBS containing 0.2% bovine serum albumin. Cell culture media containing inhibitors (CD4-IgG2, T-20, maraviroc, or BanLec) was added to the cells and incubated for 30 min on ice. The cells were then moved to a 37°C incubator, and luciferase activity was measured 3 days later. These results were compared with cells that were infected with virus that had been pretreated with the same inhibitors described above on ice for 30 min and then incubated at 37°C (i.e. standard infection conditions).
RESULTS

BanLec Is a Potent Inhibitor of Multiple HIV-1 Isolates-To
determine the anti-HIV activity of BanLec, different concentrations of the lectin were incubated with TZM-bl indicator cells before infection with various HIV-1 isolates. Because a micro- bicide would need to inhibit HIV-1 of different tropisms and because glycosylation can play a role in determining viral tropism (18), we tested the ability of BanLec to inhibit several different HIV-1 isolates. The viral clones 81A-4 and NL(AD8) are both derivatives of NL4-3 in which a portion of the envelope is swapped with the envelope region from either the R5 HIV-1 isolates BaL or ADA, respectively. 81A-4 and NL(AD8) use CCR5 as a cellular co-receptor (R5 tropic), whereas NL4-3 uses CXCR4 (X4 tropic). These isolates allow for the assessment of different HIV-1 envelope sensitivity to BanLec while keeping the remainder of the NL4-3 viral components unchanged. The dual-tropic isolate 89.6 was also assessed for susceptibility to BanLec. We observed dose-dependent inhibition of viral infection with IC 50 values calculated in the low nanomolar range against viral isolates with different tropisms (Fig. 1A) . These results suggest that sensitivity of HIV-1 isolates to BanLec is independent of viral tropism.
We further confirmed the anti-HIV activity of BanLec with the HIV-1 indicator cell line, MAGI-CCR5. With this cell line, we tested the ability of BanLec to inhibit infection by the laboratory-adapted isolates BaL (R5) and Bru (X4) and the primary isolates ASM 44 (R5X4) and ASM 54 (R5X4) and determined that all were inhibited by BanLec (Fig. 1B) . The virus used in this experiment was generated by infection of PBMC, whereas the experiment shown in Fig. 1A used virus produced by transfection of HEK-293FT cells with a proviral plasmid clone. These results further support our initial studies by showing that BanLec can inhibit HIV isolates both independent of viral tropism and of the cell type used to produce virus. Twenty-four hours later, the media was removed, and the cells were washed with PBS to eliminate remaining virus. Fresh media containing BanLec or PBS was added to the cells. A sample of culture supernatant was taken every 3 days for p24 quantification by ELISA and replaced with new media containing lectin in PBS or PBS alone as a control. On day 15, viability was assessed by an MTT assay, which indicated no cellular toxicity (data not shown). B, MDM were pretreated and infected with HIV-1 as described above. 24 h post-infection the cells were washed with PBS to remove residual virus and cultured in media containing BanLec or PBS. Seven days post-infection, supernatants were removed for determination of p24 antigen as detected by ELISA. The concentration for a 50% reduction in p24 production was calculated to be 9.72 nM. Cellular viability was assessed by an MTT assay, and no toxicity was observed (data not shown). Results shown in panels A and B are representative of three and two separate experiments, respectively. R5 tropic viruses are the dominant form found in sexually transmitted HIV-1 and, therefore, would have to be neutralized by microbicides. In addition, anti-HIV microbicides will need to inhibit infection by viral isolates from different subtypes. Although one would assume that all clades could be neutralized due to the conservation of gp120 glycosylation, a difference in the susceptibility of the viral subtypes B and C to the anti-HIV, high mannose-recognizing antibody 2G12 has been observed (46) . To determine whether BanLec could inhibit additional primary isolates from different clades, we tested BanLec for inhibition of HIV-1 pseudotyped with envelopes derived from primary isolates of subtypes B and C. These subtypes are commonly found in North and Central America (subtype B) and parts of Africa and India (subtype C). We observed potent, subnanomolar inhibition of viral replication by BanLec (Fig. 2 and Table 1 ), and no significant difference was observed when the average IC 50 values from the two different subtypes were compared by Student's t test (p Ͻ 0.56). This suggests that BanLec can effectively inhibit infection by viral isolates prominent in regions where a microbicide would be most valuable.
BanLec Blocks Infection of MDM-Macrophages are susceptible to HIV-1 infection and can become viral reservoirs that cannot be eliminated by highly active antiretroviral therapy. The role of vaginal macrophages in HIV-1 pathogenesis has not been fully characterized, but recent evidence indicates that these cells are permissive for HIV-1 infection (47). We tested the ability of BanLec to inhibit HIV-1 infection of MDM. As shown in Fig. 3A , nanomolar concentrations of BanLec inhibited HIV replication in MDM over a period of 15 days. Furthermore, BanLec had no effect on cellular viability as determined by MTT assay performed on day 15 (data not shown); therefore, this effect was not due to cellular toxicity. When BanLec remained in the culture supernatant for 7 days without changing the media or adding additional lectin, the IC 50 value for BanLec inhibition of HIV-1 replication was 9.72 nM (Fig. 3B) , demonstrating that BanLec remains a potent and stable inhibitor in a long term culture system at 37°C.
BanLec Appears to Block HIV-1 Infection at the Viral Entry
StepHaving shown that BanLec can inhibit HIV replication in MDM, we tested the ability of BanLec to block cellular entry of HIV-1 in PBL. We hypothesized that BanLec binds to high mannose structures found on the HIV-1 envelope, preventing entry and, thus, infection. If so, little or none of the strong-stop DNA product of early HIV-1 reverse transcription (see "Materials and Methods") should be detected when cells are exposed to HIV-1 in the presence of BanLec (44, 48) . To test this hypothesis, we incubated PBL with the HIV-1 Bru isolate in the presence of different concentrations of BanLec. As a positive control and for comparison, a similar experiment with the lectin GNA was performed in parallel. Real-time PCR was used to detect strong-stop DNA, which is a reverse transcription product that can be detected early after viral entry before viral uncoating takes place (49 -51) . Strong-stop DNA that may have been present in the virus stock was removed by treatment with DNase I to eliminate false detection of reverse transcription products. Treatment with BanLec resulted in a marked decrease in strong-stop DNA at low lectin concentrations (Fig. 4) indicating that, in addition to inhibiting viral replication in MDM, BanLec blocks HIV-1 infection in PBL. Furthermore, this inhibition occurs at a step before early replication events, apparently at the level of viral entry. Although it appears unlikely that BanLec inhibits reverse transcription, these PCR results do not exclude this possibility, as similar results could be produced by an inhibitor of HIV-1 reverse transcriptase. This issue is addressed further below.
BanLec Binds to Glycosylated gp120-BanLec is known to bind to mannose, and thus, we hypothesized that BanLec binds the high mannose structures found on the glycosylated gp120 envelope protein and blocks entry of HIV-1 into cells. We prepared a BanLec-based ELISA to measure binding of glycosylated HIV-1 gp120 to BanLec. We observed that BanLec does indeed bind to gp120 in a concentration-dependent manner (Fig. 5A) . Furthermore, a known BanLec ligand, methyl-␣-Dmannopyranoside, inhibited such binding in a concentrationdependent manner (Fig. 5B) . Not surprisingly, a high concentration of methyl-␣-D-mannopyranoside ligand was needed to compete for binding to gp120 because of the high density of carbohydrate residues on the HIV-1 envelope protein. These results corroborate our hypothesis that BanLec inhibits HIV-1 cellular entry by binding to high mannose structures found on the virus.
To explore the BanLec binding sites on gp120, we determined the ability of BanLec to block binding by the monoclonal antibody 2G12 using the ELISA-based assay. 2G12 recognizes a cluster of N-linked glycosylation structures at positions Asn-295, -332, and -392 (position numbering is of the HXB2 reference sequence) that are crucial for antibody recognition (52) (53) (54) . We found that pretreatment of gp120 with BanLec inhibited recognition by 2G12 in a dose-dependent manner, suggesting that BanLec is capable of binding to this antibody's epitope consisting of high mannose structures (Fig. 6) .
BanLec Inhibits HIV-1 Infection before Viral Fusion-To further investigate at which point in the viral life cycle BanLec inhibits HIV-1 infection, we tested BanLec for its ability to inhibit HIV-1 infection post-attachment. To do so, we tested if BanLec could inhibit HIV-1 that was already bound to the cell but could not complete fusion due to temperature restriction (55) . As controls, we took advantage of the fact that CD4-IgG2 inhibits HIV-1 infection by blocking attachment, whereas T-20 works by blocking fusion. As anticipated, we observed a large decrease in the inhibitory activity of the HIV-1 attachment inhibitor CD4-IgG2 in the post-attachment assay, whereas the bound virus was still essentially completely susceptible to the fusion inhibitor T-20 ( Fig. 7 and Table 2 ). This demonstrates that the assay works as expected, with viral attachment, but not fusion, taking place at 16°C. Both the CCR5 binding inhibitor maraviroc and BanLec primarily blocked viral replication by inhibiting HIV-1 attachment, but each does appear to also have a modest effect on viral fusion (Fig. 7) . Importantly, when we compare the IC 50 value of BanLec to those of other anti-HIV compounds, we see that BanLec potency compares quite well to the clinically approved anti-virals T-20 and maraviroc (Table  2) . Thus, we conclude that BanLec potently inhibits the attachment of HIV-1 to cells and has a more modest effect on viral fusion.
The Anti-HIV Activity of BanLec Compares Well to Other Anti-HIV Lectins-Several different lectins have been found to inhibit HIV-1 infection. However, they vary in their degree of anti-viral activity. To assess the relative molar-based potency of BanLec, we compared the anti-HIV activity of BanLec to that of two previously described anti-HIV lectins, GNA and GRFT. Upon comparison, all three lectins showed activity in the nanomolar range (Fig. 8) . Taken together, our data suggest that BanLec inhibits infection with a broad range of HIV-1 isolates by blocking viral entry, compares favorably with the potency of previously described lectins and clinically available anti-HIV drugs, and is a potential component for future anti-HIV vaginal microbicides.
DISCUSSION
The primary mechanism of inhibition by BanLec appears to be blocking cellular attachment of HIV and, thus, viral entry. Our conclusion is based on the findings from our ELISA assays that BanLec can bind to high mannose structures found on FIGURE 5 . BanLec binds to glycosylated gp120. A, shown is dose-dependent binding of BanLec to glycosylated gp120. BanLec was used to coat a 96-well ELISA plate. Serial dilutions of gp120 were added in duplicate to the wells. gp120 was detected with an anti-gp120 antibody. Results are representative of four independent experiments. B, methyl ␣-D-mannopyranoside inhibits interaction of BanLec with gp120. ELISA plates were coated with BanLec as in panel A. Serial dilutions of methyl ␣-D-mannopyranoside were added to wells along with a constant amount of gp120. The amount of gp120 bound was determined using the standard curve produced in panel A. Abs, absorbance. HIV-1 gp120, including the high mannose structures that are recognized by the monoclonal antibody 2G12. This was corroborated by the finding that cells treated with BanLec had decreased amounts of an early HIV reverse transcription product, strong-stop DNA, that can be detected shortly after cellular entry of the virus and before viral uncoating. In addition, we performed an assay that took advantage of a temperature-arrested state (16°C) that prevents HIV-1 fusion and compared the inhibitory activity of BanLec and other anti-HIV drugs preand post-cellular attachment of the virus, finding that most of the inhibitory activity of BanLec comes from blocking viral attachment. Interestingly, whereas most of the inhibitory activity of the CCR5 blocker maraviroc, used as a control in these experiments, was due to blocking viral attachment, when maraviroc was added post-attachment we still observed inhibition of HIV, albeit at a reduced level. A similar result was also seen with BanLec, suggesting that these two compounds could have addi-FIGURE 7. BanLec primarily inhibits binding of HIV to the cellular membrane. TZM-bl cells were spin-infected at 16°C, a temperature that allows for attachment of virus but does not allow fusion events to occur. The unbound virus was removed, and the cells were incubated with media containing inhibitors (CD4-IgG2, T-20, maraviroc, or BanLec) on ice for 30 min, and then the plates were shifted to 37°C to allow for fusion and infection to be completed (E). The results were compared with a standard infection procedure (pre-attachment) in which the virus and inhibitors were incubated together on ice for 30 min and then added to TZM-bl cells and incubated at 37°C (F). The results shown are the averages from three separate experiments. Nonlinear regression analysis was used for curve fitting and calculation of IC 50 values (Table 2) . RLU, relative luminescent units. tional inhibitory activity at a post-attachment step, such as fusion of the virus to the cell.
Our studies indicate that BanLec is a new and promising member of the group of lectins that are able to inhibit HIV-1 infection through interactions with glycosylation sites found on the viral envelope. The inhibitory activity of BanLec against HIV-1 was broad, independent of tropism, and effective against several subtype B and C envelope sequences. HIV-1 pseudotyped with envelopes derived from primary isolates was inhibited by BanLec in the low nanomolar range. BanLec was also able to inhibit HIV-1 infection of primary cells, and thus, our results are not limited to cell lines.
Based on our findings, it is likely that BanLec will be able to inhibit other HIV-1 subtypes, as they all contain glycosylation sites in their envelope sequences. The isolates used in our experiments differed in the number of predicted N-linked glycosylation sites, supporting the likelihood that BanLec will be effective against most HIV subtypes found in both the developing and developed world. Because glycosylation is not specific to HIV-1, lectins have the potential to inhibit the replication of a broad spectrum of viruses. Indeed, it has been shown that lectins can inhibit other enveloped viruses including Ebola (56, 57) , Marburg (57), influenza (58) , severe acute respiratory syndrome coronavirus (59) , and hepatitis C virus (60, 61) .
One potential benefit of the use of lectins as anti-HIV agents is their ability to target multiple different glycosylation sites on the virus, thus making it more difficult for resistance to develop. In support of this prediction, previous studies that determined the resistance profiles of HIV-1 treated with lectin showed that multiple mutations in the envelope sequence were needed for the development of resistance (62) . Furthermore, different mutations in N-linked glycosylation sites are required for the development of resistance to different lectins. This suggests that the combinatorial or simultaneous use of multiple lectins can reduce the likelihood of failure of a lectin-based anti-viral therapy due to resistance. If a population of virus develops resistance to BanLec or other anti-HIV lectins, one interesting possible consequence is that the virus will then be more susceptible to neutralization by the human immune response, as the carbohydrate structures found on the HIV-1 envelope are thought to act as a shield against neutralizing antibody responses (63). This glycan shield works by blocking access of epitopes to potentially neutralizing antibodies. Previously published data demonstrate that alterations in glycosylation that result in resistance to lectins can make the virus vulnerable to neutralizing antibody responses (18, 19) .
Although several anti-HIV lectins have been described, it is highly unlikely that a majority of them can be developed for therapeutic use. Like all potential drugs, lectins can vary in their degrees of potency and toxicity (64, 65) . Also, it has been shown that two anti-HIV lectins can significantly differ in their ability to block attachment of HIV to epithelial cells (66) . Concerns have been raised about the potential toxicity of lectins, for example CV-N. This lectin has shown success as a microbicide in in vivo macaque vaginal and rectal transmission models (67, 68) , but safety concerns exist. CV-N was found to have mitogenic activity when PBMC cultures were exposed to the lectin for 3 days (65, 69) . However, recombinant therapeutic proteins can be attached to polyethylene glycol (PEG) polymer chains to change bioavailability and reduce toxicity. This modification of CV-N has been shown to be effective in reducing mitogenic activity in vitro (70) . Although BanLec has also been reported to possess mitogenic activity (71) , the relationship between mitogenic activity in vitro and microbicide efficacy has not been elucidated, so it remains possible that recombinant versions of BanLec and other lectins could be developed that retain efficacy but have minimal mitogenic activity. The anti-HIV lectin GRFT has recently been reported not to have a mitogenic effect when added to human PBMCs (72) . This observation is of interest, as GRFT is in the same jacalin-related lectin family and has a similar structure to BanLec (73) . GRFT has also been shown to be non-inflammatory, non-toxic, and capable of being manufactured on a large scale. Although clinical testing of these newer lectins has yet to be performed, it appears that lectins have potential to be used as anti-HIV agents (72) . Because the binding, toxicity, and anti-HIV activity of lectins vary, the identification of novel anti-viral lectins, such as BanLec, will further increase the possibility of successful development of a lectinbased anti-HIV microbicide. 
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